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INTRODUCTION 

The increas ing  demands f o r  bear ings t o  support heavy loads  have 

caused t h e  development of hydrostat ic  l u b r i c a t i o n  t o  proceed a t  an 

accc lera ted  pace, 
ana lys i s  of bearing cha rac t e r i s t i c s ,  Fo r  some years hydros ta t ic  bear ings 

have bcen analyzed by techniques tha t  f e l l  shor t  of a r igorous a n a l y s i s 9  

This was  because of t h e  imposs ib i l i ty  of producing by hand an exact 

a n a l y t i c a l  so lu t ion  and, therefore ,  t h e  necess i ty  f o r  r e so r t ing  t o  

t s ihn iqacs  y i c ld ing  approximate r e su l t s ,  e.g., t h e  e l e c t r i c  analog, 

This was accompanied by a need f o r  more sophis t ica ted  

One of t h e  major shortcomings of t h e  conducting-sheet e l e c t r i c -  

analog i s  i t s  i n a b i l i t y  t o  treat problems involving non-uniform f i l m  

thickncsses .  

i n t e g r s t i o n  techniques,  t h e  u t i l i z a t i o n  of which i s  only hampered by t h e  

extremely lengthy and ted ious  calculat ions they  requi re  However, t h e  

recent  development of high speed d i g i t a l  computers has  eliminated this 

drawback, and numerical in tegra t ion  techniques are a t  present  q u i t e  

f e a s i b l e  

These problems can of ten  be adequately t r e a t e d  by numerical 

a 

I n  t h e  case a t  hand, hydrostat ic  bear ings a r e  t o  be designed f o r  

the  Scpport o f  a l a r g e  rad io  te lescope antenna, 

pads - w i l l  t r a n s f e r  t h e  load of the moving supers t ruc ture  through t h e  

prc3surized f i l m  of o i l  t o  a s ta t ionary  member on t h e  concrete base,  

Wnile at  first glance t h e  analysis  of  t h e  bear ing ( f l a t  s l i d e r )  appears 

t o  o f f e r  no problem; i n  reality, the  u n i t  loads  are high enough t o  givc 

rise t o  non-negligible d i s to r t ions  o f  t h e  bearing members t h u s  requi r ing  

the  treatment o f  va r i ab le  f i l m  thicknesses .  

A number of rectangular  

The Frankl in  I n s t i t u t e  h a s  developed a computer program f o r  
th.: evaluat ion of pressure d i s t r ibu t ions ,  loads,  moments, and flows i n  

a hydrostat ical ly- lubricated,  rectangular bearing-pad with four  or s u  

- 1 -  
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symmetrically placed rectangular  recesses.  
incompressible, t he  clearance non-uniform, and t h e  f l u i d  supply one of 

t h r e e  spec i f ied  types:  

The lub r i can t  i s  t o  be 

1, 
2, 

3 .  

Separate pumps feeding each recess .  

Separate pumps feeding p a i r s  of recesses  with 
cap i l l a ry  compensation. 

Common re se rvo i r  feeding a l l  recesses  w i t h  
c a p i l l a r y  compensation. 

This repor t  contains d e t a i l s  of t h e  hydrodynamic equations 

used t o  analyze the  problem, of the numerical technique used f o r  solut ion,  

and of t h e  Fortran Program executing t h e  so lu t ion  complete with block 

diagrams and flow charts .  

the  information necessary f o r  using t h e  program and compiling t h e  ap- 

p ropr i a t e  input  da ta  cards. A sample problem complete wi th  output i s  

a l s o  f'urni shed ., 

A guide chart  i s  furnished complete with a l l  

BASIC EQUATIONS AND NUMERICAL APPROXIMATIONS 

Ut i l i z ing  t h e  usual  lubr ica t ion  approximations f o r  a continuous 

f i l m  bearing operat ing with incompressible lub r i ca t ion ,  Reynolds Equation 
i s  taken t o  govern t h e  pressure d i s t r ibu t ion  i n  t h e  clearance space. For 

bear ings with negl ig ib le  amount o f  r e l a t i v e  motion, Reynolds Equation 

B S ( ; ~ Q C ;  t h e  following form" . 

a - 
ax (h3 

3 2  
ax)+ 111 

For a bearing o f  rectangular geometry t h e  length of one of t he  

s i d e s  can be used as a cha rac t e r i s t i c  length  (say L ) .  

dimensionless q u a n t i t i e s  can be defined i n  an x-y rectangular  coordinate 

system: 

Then t h e  following 

+Analysis and Lubrication of Bearings, Shaw and Macks, Magra-PHill, 1949 

- 2 -  
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Y = $, 

h F I = -  
C’ 

P - Pa 

P r  - Pa 
P =  

where c i s  a c h a r a c t e r i s t i c  film’thickness, pr i s  a reference pressure,  

p 
pressure respec t ive ly  a t  loca t ion  (x,y) . 

i 

i s  t h e  ambient pressure,  and h and p r e f e r  t o  f i lm  th ickness  and a 

Reynolds equation now assumes t h e  form 

Three types of bearing feed w i l l  be used: 

( a )  Specif ied flow t o  each recess  as given by a pos i t i ve  
displacement pump feeding t h e  recess .  

Specif ied t o t a l  flow t o  p a i r s  of d iamet r ica l ly  
opposite recesses  as fed by a s ing le  pump through 
c a p i l l a r y  compensation. 

Single  r e se rvo i r  with specif ied supply pressure 
feeding a l l  recesses through c a p i l l a r y  compensation. 

(b) 

(c )  

METHOD OF SOLUTION 

Due t o  t h e  l i n e a r i t y  i n  P of Equation [21 it i s  poss ib le  t o  use 

t h e  method of superposit ion.  Namely, component solut ions,  P j  (X,Y), were 

obtained corresponding t o  a value of t h e  dimensionless pressure equal t o  
. th  7 I , O n  L1l + k P  j 

Then t h e  pressure d i s t r ibu t ion ,  P(X,Y) , corresponding t o  any operat ing 

condi t ions i s  expressible  as t h e  l i n e a r  combination 

recess  and 0 i n  all o ther  recesses  znd zt t h e  f r e e  boundary, 

a 
- 3 -  
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b 3 

t h  where t h e  a. i s  a dimensionless number represent ing pressure i n  t h e  j 

recess ,  Moreover, i f  t h e  dimensionless flow, Qij, out of t he  i 

corresponding t o  t h e  jth component so lu t ion  ( jth recess  pressurized)  i s  

computed, t h e  dimensionless flow qi, out of t h e  ith recess  when t h e  

pressure d i s t r i b u t i o n  P(X,Y) e x i s t s  is, 

J t h  recess  

In tegra t ion  of t h e  pressure d i s t r i b u t i o n  and evaluat ion of t h e  

moments o f  the  pressure d i s t r i b u t i o n  with respec t  t o  two non-parallel  

axes (say X and Y) produces t h e  t o t a l  load (W) and t h e  loca t ion  

of t h e  center  of pressure ( 5 ,  ‘d 

w . =  J JJ 
5 .  J =JJ 

w =  

5 =  

i n  t h e  following manner (see Nomenclature): 

P.(X,Y) dXdY 
J 

P;(X,Y)X dXdY 

W 
j 

Pi(X,Y)Y dXdY 

j 
W 

c u .  w 
j J j  

u .  5 .  w. 
w’ 

= w’ il 

j 

3 

a. 7 .  W. 

[5  I 

(No Summation) C6 3 

(No Summation) r17 3 

[g 3 

e9 1 

Lao 3 

- 4 -  



THE FRANKLIN INSTITUTE hbonxtoria for R e ~ e a r ~ h  and D~elogmmt 

F-B2015 

The a t t r a c t i v e  f ea tu re  o f  t h e  method of superposi t ion i s  t h a t  

a given s e t  of  component solutions can be u t i l i z e d  with any number of 

feeding methods as long as t h e  bearing geometry i s  not a l t e r e d .  The 

computer program i s  equipped t o  take advantage of t h i s  fea ture .  Specif i -  

ca t ion  of t h e  values of t h e  per t inent  parameters i n  the  feeding equations 

l e a d s  t o  t h e  determination of the appropriate  values of  t h e  coe f f i c i en t s  

U 
j "  

I n  correspondence t o  the t h r e e  feeding methods under considerat ion 

t h e  de t  e r d n i n g  equations a re  : 

Specif ied flow t o  each recess :  

It i s  necessary t o  solve t h e  system 

q i = C u .  Q i = 1, ...., N 

j = 1, ..... N 
J i j  j 

spec i f ied  q u a n t i t i e s  (dimensionless) 

known q u a n t i t i e s  from component so lu t ions  (dimensionless) 

(11) form a non-homogeneous system of N a lgebra ic  equations i n  

r-111 

N mknowns (where N i s  t h e  number of recesses)  which can be solved by 

conventional methods, 

(2) Specified flow t o  pa i r s  of recesses  with c a p i l l a r y  compensation, 

The following equations hold : 

c12 1 

[13 3 

- 5 -  
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QQQ(3) = q5 + 96 only f o r  N = 6 Clic 1 

= x u .  Q i = 1, . e , o o N  e21 3 
q i  J i j  

j =1, ..... N j 

The system of 2.5N e uat ions [121 through [21] has q . 5 N  

The quant i t ies  QQQ(K) (K = 1 
unknoms qi, Uj+(i= l , . .N) ,  JK) (K = lO.*N/2)  and can be solved by 

conventional methods .N/2) a r e  spec i f ied  

and t h e  f .  ps  are known cha rac t e r i s t i c s  of t h e  N c a p i l l a r i e s .  
1 

( 3 )  Common re se rvo i r  w i t h  specif ied pressure and c a p i l l a r y  feed t o  
each recess .  

The following equations hold 

q i  = f . ( p ( f ) - a  1 
j=i ) 

i =1, ..... N [23 1 
J = 1, , O . . ” I Y  

hT 

- 6 -  
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This  system of  2N equations i n  t h e  2N unknowns qi and njZi 
( i  = 1, e .  ,N), can be e a s i l y  solved by conventional methods. 

NUMERICAL TREATMENT 

Equation [2] i s  approximated by numerical methods with t h e  

adoption of  "three point ,  cen t ra l  difference" formulae. 

a r ea  is divided i n  K ' M rectangular elements. 

i s  represented by i t s  values at the node poin ts  of t h e  r e su l t i ng  gr id .  

Thus t h e  bearing 

The pressure d i s t r i b u t i o n  

The coordinates o f  t h e  nodal po in ts  a r e  

Y = ( j  - 1) AY. m 

where i and j represent t h e  number of  K and M increments respec t ive ly  

along t h e  X and Y axes. 

use of i and j as recess  loca t ions) .  

(Note that  t h i s  use of i and j d i f f e r s  from the  

For  t h e  pressures  

, j - 1  
9 2 AY 

- a2p 

ax2 
. - 2 p i  9 ,  . + P i - 1  Y . 

> 
- - 'i + 1, .i t29 3 

'kYm 

- 7 -  
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- a2p 

ay2 

Equation [21 becomes 

'i, j + 1 - 2 p i  . + P i  . - l  - Y .  9 .  - 
hY2 

Y 

which i s  solved f o r  P k,m. 

( evaluated) , r 

r30 1 

- ' * ,  j - 1 P i, j + 1 1 
ay S y m  

+ 2hY 
Kkym 

Y Pad Dimension 
X Pad Dimension a =  

where 
rn - a H  

= 1.5 
j i , j  Hi , j  

hY - a H  

, j  i , j  i , j  
HYi = 1 * 5  H 

S t a r t i ng  with an assuiiec! pressure d i s t r i b u t i e n ,  a value of  t h e  

KYm 
pressure P, 

four immediately neighboring points.  

a t  a gr id  point i s  evaluated i n  terms o f  tne pressure a t  t h e  

- 8 -  
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t o  be a new pressure d i s t r ibu t ion ,  the process i s  repeated u n t a  negl ig ib le  

changes a r e  predicted by any one i t e r a t i o n ,  Y i s  ca l led  a "relaxat ion 

fac tor"  and i t s  magnitude s e t s  the r a t e  of growth of t h e  pressure dis-  

t r i b u t i o n ,  

numerical i n s t a b i l i t y ,  

Limiting t h e  value of y i s  t h e  wel l  known phenomenon of 

F o r  excessive values of y t he  r a t e  of  growth can be seen t o  

increase  s t ead i ly  i n  time thereby ind ica t ing  l a c k  of convergence of t h e  

i t e r a t i o n ,  

and i s  automatically eliminated by successive reduct ion o f  t h e  value of 

y by the  f a c t o r  0,8 .  

overly-optimistic,  and t h e  s t a f f  o f  The J e t  Propulsion Laboratory i s  

advised t o  adopt a value of  1,1 i n  order  t o  avoid waste of computer time 

i n  unstable  i t e r a t i o n s ,  

The occurrence of t h i s  phenomenon i s  i n t e r n a l l y  detected 

The i n i t i a l  value of Y = 1.5 was revealed t o  be 

COMPUTER PROGRAM 

The computer program is func t iona l ly  separated i n t o  the  
f=l13. AuLg *; n f mr suS--progra~s 

Subroutine FORMH 

Generation of t h e  clearance d i s t r i b u t i o n  e i t h e r  
by evaluat ion of  appropriate a n a l y t i c  funct ion 
o r  by d i r e c t  input .  

Subroutine TILTH 

T i l t i n g  of clearance d i s t r ibu t ions  a l ready  ex i s t ing  
i n  core s torage by any spec i f iab le  amount. 

- 9 -  
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(3) Subroutine REYN 

Generation of the  component so lu t ions  P 
corresponding values of t h e  loads  W j ,  c Jn te r  of 
pressure coordinates S j ,  and q j ,  and flows Q i , j o  

Matching of t h e  component so lu t ions  with the  feeding 
equations and evaluation of t h e  corresponding pressure 
d i s t r i b u t i o n  P (X,Y), load W, cen ter  of pressure co- 
ord ina tes  5 and T, and flows out of each recess  q j  f o r  
any spec i f ied  feeding conditions. 

(X,Y) and the  

(4) Subroutine FLOW 

The program i s  such that  f o r  any given clearance d i s t r i b u t i o n  

the loading and moment conditions corresponding t o  several  feeding methods 

can be evaluated by repeated d i r e c t  en t ry  i n t o  p a r t  ( 4 ) "  
poss ib le  t o  make avafiable  t o  the computer the  e s s e n t i a l  r e s u l t s  of 

component so lu t ions  by d i r e c t  input ,  SO t h a t  new 

feeding conditions can be studied i n  combination w i t h  component so lu t ions  

obtained during a previous group o f  runs. 

It i s  a l s o  

W j ,  C j ,  T j ,  Qi, j  

The i n t e r n a l  generation of t h e  clearance d i s t r i b u t i o n  i s  executed 

by a funct ion of t h e  following type. 

22 Define X - X = s where Xo = A 0 

Y - Y o = t  Y = A  
0 23 

s2 + A t 2 + A 6 s t  + A s 3 
1 2  3 5 7 

+ A s f A t + A4 
then 

Hl(X,Y) = A 

cos ("Ul2) } 133 3 

- 10 - 



THE FRANKLIN INSTITUTE Labomtories for Reseurch and Dwelopmmt 

F-B2015 

The inc lus ion  of t h e  par t  of t h e  preceeding expression 

containing t h e  coe f f i c i en t s  A 

of  analyses of t he  deformation of a beam on e l a s t i c  foundations under 

a uniformly d i s t r i b u t e d  load over a f i n i t e  region3Ht. 

and A21 was motivated by the  r e s u l t s  20 

The constants  A20 and A21 are  defined as,  

- load Per  u n i t  l ena th  
A20 - 2kC 

A21 = A = hL 

where 

It should be noticed t h a t  these  terms d e t r a c t  from any clearance 

d i s t r i b u t i o n  given by the  remainder of t h e  formula an amount equal t o  t h e  

d i f fe rence  between t h e  def lect ion a t  the  center  and the  def lec t ion  a t  any 
poin t .  

of t he  der iva t ives  of t he  clearance d i s t r i b u t i o n  necessary f o r  t h e  

so lu t ion ,  

It i s  a l s o  t h e  t a sk  of F O R "  t o  compile an i n t e r n a l  tabula t ion  

Subroutine TILTH a c t s  by t h e  use of t h e  following formula: 

iHtM, Het 'enj i ,  Beams on E l a s t i c  Foundation, The University of Michigan 
Fress ., 

c34 1 

- 11 - 
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This corresponds t o  saying t h a t  t h e  l i n e ,  

T X - 5  +Ty  Y - Y 1  = O  
X 

i s  t h e  hinge and t h a t  t h e  bearing i s  t i l t e d  i n  space by an amount, 

f 3 =  T 2  4- T 2  
X Y 

This fea ture  i s  p a r t i c u l a r l y  useful  i n  t h e  evaluat ion of r e s to r ing  

moments corresponding t o  misalignments. The use o f  TILTH i s  opt ional .  

I n  t h e  use o f  subroutine REYN, it i s  important t o  adopt an  

appropriate  value of t he  t runcat ion constant (TRUNC). 

value of  TRUNC will accept component so lu t ions  t h a t  a r e  only a rough 

approximation t o  the  asymptotic solut ion,  whereas, exceedingly small 
values o f  TRUNC w i l l  r e s u l t  i n  was tef i l ly  long computation time. 

Indeed, a l a rge  

A sample of the behavior o f  t h e  i t e r a t i o n  procedure i s  given 

i n  Figure 1, s u g g e s t i n g t h a t  a desirable  value of TRUNC should be i n  
t h e  range of O.OOOl5 t o  O.OOO3O. 

t h e  t o t a l  growkh of  the  component, pressure p r o f i l e  i n  one i t e r a t i o n  
averaged over t h e  t o t a l  number of a c t ive  g r id  points .  If the  growth i s  

l e s s  than t h e  specif ied value of TRUNC, t h e  i t e r a t i o n  i s  terminated and 

t h e  so lu t ion  accepted . 

I n t e r n a l l y  TR!JNC i s  matched aga ins t  

It was mentioned previously t h a t  t h e  value of t h e  re laxa t ion  

f a c t o r  y i s  i n t e r n a l l y  adjusted t o  cope with numerical i n s t a b i l i t y .  

However, if per s i s t en t  Occurrence of  t h i s  phenomenon forces  t h e  adoption 

of a value o f  y lower than 0.16, subroutine REYN abandons the  solut ion,  

and a note t o  t h i s  e f f e c t  i s  introduced i n  t h e  output tape.  

- 12 - 
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SAMPLE CONVERGENCE -TRUNCATION DIAGRAM 
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Use of subroutine REYN requi res  the  spec i f i ca t ion  of t h e  

quan t i ty  LITER, Termination of t h e  i t e r a t i o n  i s  forced whenever a number 

of i t e r a t i o n s  equal t o  LITER have been performed regard less  of t h e  

t runca t ion  c r i t e r i o n .  

value of LITER up t o  300. 

dimknsion of PROG i n  subroutine FEYN should be a l t e r e d  t o  the  maximum 

v a l w  of LITER. 

A s  present ly  set up, t h e  program will allow a 
If l a rge r  values become des i rab le ,  t h e  

I 

The operation of subroutine FLOW i s  cont ro l led  by the  spec i f i -  

ca t ion  of NCASE which, assuming one of t h e  values 1, 2, 3, ind ica t e s  t h e  

adoption of t h e  first, second, o r  t h i r d  feeding method respec t ive ly ,  
The quant i ty  IOUT enables t h e  use r  t o  obtain t h e  pressure and 

clearance p r o f i l e s  on the  output tape (IOUT = 1). 
d i f f e r e n t  from 1 s p e c i f i e s  that output of those d i s t r i b u t i o n s  i s  not 

des i red  

A value of I O U T  

The following information w i l l  be usef’ul i n  handling t h e  

c p a n t i t i e s  used in subroutine REYN. 

Euuation Symbols F o r t  ran Symbols Def in i t ion  

W 
j 

‘j 

Qi j  

q i  

Q Q Q ( ~ )  

fi 

( f > P 
i 

CSI ( I )  xJL (See Nomencl, ) 

ETA ( I )  YJL (See Nomencl.) 

QQQ ( K )  

d4 0.2945 - 
~ 1 3  

P - Pa 

P r  - Pa 
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Subroutine FLOW makes use of a FUNCTION subprogram (FUNCTION 

DETER) i n  order  t o  evaluate  4 x 4 o r  6 x 6 determinants. 

The u t i l i z a t i o n  of t h e  above mentioned sub-programs i n  t h e  

so lu t ion  of  s p e c i f i c  problems i s  coordinated by t h e  MAIN program. 

Spec i f ica t ion  of t h e  quant i ty  NSWICH i n s t r u c t s  t h e  program t o  solve one 

o f  f i v e  poss ib le  problems; 

NSWICH = 1; CALL EXIT 

NSWICH = 2; Solve flow problem only  with read i n  values  of 

NSWICH = 3; Solve new f l o w  problem with component so lu t ions  
a l ready  ex is t ing  i n  core s torage.  

NSWICH = 4 ;  E n t i r e l y  new problem. 

NSWICH = 5; T i l t  clearance d i s t r i b u t i o n s  ex i s t ing  i n  core 
s torage and solve r e s u l t i n g  problem. 

I n  t h e  event NSWICH = 2, t h e  quant i ty  N I M J  should be spec i f ied  

t o  inform t h e  computer of t h e  number of recesses  i n  t h e  pad under 

considerat  i o n  

Appendix I contains a block diagram of t h e  e n t i r e  program, t h e  
d c t a i l e d  flow char t s ,  For t ran  ins t ruc t ion  l i s t i n g s ,  and IBM 7090 
conpi la t ion  records of t h e  six subprograms ( M A I N ,  FLOW, TiEYm, TILTH, 

FORMH, DETER) 

Appendix I1 contains  the loading record f o r  use with an IBM 

7090. 

67 x 45 i s  t o  be extended. 

This  information i s  e s sen t i a l  if t h e  allowable g r i d  s i z e  of 

- 1 5 -  
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USE OF THE PROGRAM AND SAMF'LE PROBLEMS 

A l l  t h e  information necessary f o r  complete u t i l i z a t i o n  of t he  

program i s  contained i n  t h e  input guide chart  presented i n  Appendix 111, 
A s  an i l l u s t r a t i o n  of i t s  use, consider t h e  following problem. 

A f l a t  bearing pad of dimensions 60 x 40 inches contains four  

rymmetrically spaced recesses  fed by a constant pressure r e se rvo i r  

through equal c a p i l l a r i e s *  Find a r e l a t i o n  between flow, load, and 

clearance and evaluate  t h e  flow necessary t o  maintain a clearance of 

0,005 inches under a load of 1 . 5  mi l l ion  pounds, Evaluate t h e  r e s to r ing  

moment caused by t i l t i n g  t h e  pad so t h a t  t he  clearance a t  one end of i t s  

major dimension i s  one t h i r d  of the clearance a t  t h e  o ther  end. 

The necessary input required i s  compiled through the  use of t h e  

input  guide chart  (Appendix 111). 
chosen f o r  t h i s  p a r t i c u l a r  case. 

a r e  shown i n  Appendix IV. 

A g r i d  s i z e  of 30 x 20 (K 0 M) was 
Both the  input  d a t a  and output r e s u l t s  

The output cons is t s  of a condensed r e s u l t  page and a l i s t i n g  

of t h c  pressure and clearance d i s t r ibu t ions  over  t h e  g r id .  

output page contains : 

The condensed 

(a )  A run number chosen t o  be 9005 and 9006 f o r  t h i s  case.  

(b) T i t l e  containing information on t h e  number of recesses  
and feeding met hods. 

A d i g i t  array representing t h e  configurat ion of  t h e  g r i d  
with the  following code: 

( c )  

0 - Externa l  boundary point .  

1 - Recess point .  

2 - S i l l  point.  

- 16 - - .  
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(d) Values of t h e  e s s e n t i a l  results of t he  component 
so lu t ions .  

(e) F ina l  r e s u l t s .  

The r e s u l t s  show a t o t a l  dimensionless load  of 0.3207. 

Therefore; 

= 0.320'7 load 

(Pr - pJL2 

and, s ince  L = 60 inches,  

P - Pa = load/1154.52 r 

NOW, t h e  dimensionless flow 

f l o w  (12L.l) & =  ( Pr - PJC3 

From t h e  results Q = 13.485 

t hcxef o re  

-6 Adopting a value of  P of 30 x 10 R e p s ,  

32.445 C3 
- Flow = 
Load 

This r e l a t i o n  i s  graphical ly  i l l u s t r a t e d  i n  Figure 2. It i s  

seen t h a t  a clearance of O,OO5'' w i l l  be maintained under a load of  1 . 5  
x 10 6 pounds i f  a flow of 6.1 i n  3 /sec, o r  1.59 gal/min, i s  provided. This 

corresponds t o  

- 1'7- 
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SAMPLE PROBLEM 
LOA4 FLOW, CLEARANCE RELATION 

LEGEND 
V N I F O R M  

--- TILTED 

CLEARANCE 

- 18 - 
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P - P  = load = 1300 p s i  r a 1154.52 

Therefore t h e  pressure i n  each recess i s  

P = 0.7191( Pr - Pa) = 934.8 p s i  r 

The reservoi r  pressure i s  

Pf = 1 x 1300 = 1300 p s i  

The reservoi r  pressure can be al tered t o  any desired value by appropri- 

a t e  choice of  c a p i l l a r i e s  without fu r the r  machine solut ion.  

Run 9006 gives a solution t o  t h e  same problem with t h e  required 

amount o f  tilt, The f l o w  vs. load r e s u l t s  a r e  p lo t t ed  i n  the  same 

Figure 2 with dashed l i n e s ,  Assuming t h a t  t h e  f l o w  remained a t  i t s  

value of 6 0 1  in'/sec, t h e  clearance assumes the  following d i s t r i b u t i o n :  

0.002412" at one edge 

0,004824" at the  center  

0,007236" at the  other  edge. 

Meanwhile, t he  center  o f  pressure has moved from the  center  t o  

a pos i t ion  

(0.5 - 0,4507) (60") = 2.958 inches from the  center ,  

t hus  creat ing a r igh t ing  moment o f  370,000 f t - l b s  about t h e  center  

(9 x 1 . 5  x lo6), The reservoi r  pressure climbed t o  1336 p s i ,  

The flows out o f  each recess  a re  not equal and are d i s t r ibu ted  as follows: 

(&) (6.1) = 0.829 in3/sec 

out o f  t h e  recesses with t h e  narrow clearance, and 

- 19- 



, 

THE FRANKLIN INSTITUTE Laboratwies f ~ r  R e , ~ e ~ r ~ h  and De~eropment 

~ - ~ 2 0 1 5  

(14,643) 5.33 (6.1) = 2.22 i n  3 /sec 

out  of t he  recesses  with t h e  wide clearance.  

It can be sa id  i n  general t h a t  if t h e  appl ied load i s  known, 

t h e  r e l a t i o n  

P - P  = aPDlied load 
r a 2 t o t a l  dimensionless load x L 

determines t h e  "pressure un i t s " .  

mul t ip l ied  by t h i s  value of Pr - P 

meaning 

A l l  dimensionless pressures  should be 

a i n  order  t o  acquire  dimensional 

The r e l a t i o n  

Flow = 
(dimen s i o d e  s s fl owl ( P  r - P a ) ( c3 )  

12 IJ. 

should be used as t h e  b a s i s  between flow and clearance t o  be adopted f o r  

t h e  bearing under consideration. 

of t h e  feeding method so t h a t  fu r the r  examples a r e  not  deemed necessary. 

These c r i t e r i a  a r e  va l id  regard less  

COMMENTS 

It w i l l  be remembered t h a t  t h e  o r i g i n a l l y  proposed technique 

of so lu t ion  (Franklin I n s t i t u t e  Proposal No. 4105GS) consisted of 

simultaneous re laxa t ion  of t h e  pressure p r o f i l e  and t h e  feeding problem. 

Therefore, the technique presented i n  t h i s  repor t  depar t s  from t h a t  

o r i g i n a l l y  proposed. 

, . '  

It i s  f e l t  t h a t  t he  o r ig ina l ly  proposed double r e l axa t ion  

technique would be approximately 2.5 t o  3 times faster than the  super- 

pos i t i on  technique f o r  any one problem cons is t ing  of a p a r t i c u l a r  

conbination of  clearance d i s t r ibu t ion  a?c! feeding c ~ n d i t i o n s  . 
be noted, however, that a complete so iu t ion  i s  necessary each time e i t h e r  

t he  feeding conditions o r  t he  clearance d i s t r i b u t i o n  i s  changed. 

It should 

On t h e  

- 20 - 
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o ther  hand, t h e  superposit ion technique allows the  evaluat ion of a new 

s o l u t i o n  corresponding t o  a change i n  feeding condi t ions only. Hence, 

a r e l a t i v e l y  negl ig ib le  amount of time i s  required t o  obta in  so lu t ions  

f o r  d i f f e r e n t  clearance d i s t r ibu t ions  using t h e  superposi t ion technique. 

The choice between t h e  two methods i s  dependent on the  

p a r t i c u l a r  purpose of t he  requested program. 

Frankl in  I n s t i t u t e ,  t h e  Jet Propulsion Laboratories spec i f ied  t h e i r  

problem i n  a manner which would ind ica te  a d e f i n i t e  advantage i n  t h e  

use of the  superposit ion technique. 

Propulsion Laboratories personnel r e su l t ed  i n  t h e  adoption of t h e  super- 

pos i t i on  technique, 

I n  the  judgment of  The 

Consultation of cognizant J e t  

The program w a s  wr i t ten  and t e s t e d  first on t h e  IBM 7074 at 
t h e  IBM Datacenter i n  Philadelphia and second on an IBM 7094 a t  t h e  Jet  

Propulsion Laboratories i n  Pasadena, Cal i fornia .  

t h e  i t e r a t i o n  of Reynolds equation and t h e  flow computations were a l l  

hand checked t o  t h e  bes t  of our knowledge and a number of sample r e s u l t s  

have been found t o  y i e l d  bearing c h a r a c t e r i s t i c s  i n  good agreement with 

those  made evident by p r a c t i c a l  experience. 

Frankl in  I n s t i t u t e  personnel all t h e  goals  s e t  f o r t h  i n  t h e  work proposal 

have bean achieved by t h i s  program. 

The clearance generation, 

I n  t h e  judgment of t h e  

Project  Engineer 

Approved by : 

W 
F r i c t i o n  & Lubrication Laboratory 

W. Shugarts, Jr , Manager N. R .  Droulard 
Technical Director  

F. L. Uckson 
Director of Laboratories 
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NOMENCLATURE 

'i j 

Qi j 

QQi 

QQQ, 
TI 
1 
X 

T 
Y 
W 

W 

X 
j 

Y 

C 

d 

dimensionless clearance coe f f i c i en t s  

Youngs Modulus ( p s i )  

dimensionless f i l m  thickness = h/c 

t h e  number o f  g r id  c e l l s  i n  t h e  X d i r e c t i o n  

length of pad i n  the X d i r e c t i o n  

t h e  number o f  g r id  c e l l s  i n  t h e  Y d i r e c t i o n  

dimensionless pressure p - p a / p r  - pa 

dimensionless reservoi r  pressure 

dimensionless pressure a t  g r i d  poin t  i, j 

dimensionless flow known from component so lu t ions  

Fortran name of t o t a l  flow out of recess  i 

Fortran m e  of t o t a l  flow-out o f  K p a i r  of recesses  t h  

dimensiordess tilt compnents i n  X d i r ec t ion  

dimensionless tilt components i n  Y d i r ec t ion  

dimensionless load [w/L p r  - pa)] 

dimensionless load of t he  jth component so lu t ion  

dimensionless X-coordinate (x/L) 

2( 

dimensionless y-coordinate (y/L) 

a cha rac t e r i s t i c  f i l m  thickness ,  (h.) 

cap i l l a ry  diameter ( i n , )  

- 2 2  - 
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Pa 

'r 

% 

S 

t 

w 

X 

CY 

Y 

hY 
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NOMENCLATURE (Cont 'd) 

= cap i l l a ry  flow fac to r s  = 0.2945 

= f i l m  thickness ,  ( i n . )  

- d4 
~ 1 3  

= gr id  index 

= gr id  index 

= modulus of the  foundation ( lb / in  3 ) as defined i n  reference+% 

= c a p i l l a r y  length ( i n , )  

= pressure,  (p s i a )  

= ambient pressure,  (psia)  

= reference pressure,  (ps ia )  

= dimensionless flow out of t h e  ith recess  

= x - x o  
= Y - Y  

0 

= load, ( l b s )  

= Cartesian coordinate, ( i n . )  

= Cartesian coordinate, ( i n . )  

= XL 

= r a t i o  of y and x pad dimensions 

= dimensionless recess pressure 

= slope of t i l t e d  pad i n  h, x, y space 

= re laxa t ion  f a c t o r  governing pressure d i s t r i b u t i o n  growth 

= 1,'K 

- 23 - 
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NOMENCLATURE (Cont 'd) 

r( = dimensionless Y coordinate of center of pressure 
th = dimensionless Y coordinate of center of pressure for i 

component solut con Ti 

w = viscosity coefficient (reps) 

5 

5. 
dimensionless X coordinate of center of pressure 

= dimensionless X coordinate center of pressure for i 
component solution 

th 

- 24 - 
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APPENDIX I 

PROGRAM BLOCK DIAGRAM 

MAIN SUBPROGRAM 

For t ran  Ins t ruc t ion  L i s t ings  
IBM 7090 Compilation Records 

Flow Chart 

FLOW SUBPROGRAM 

For t ran  Ins t ruc t ion  L i s t ings  
IBM 7090 Compilation Records 

Flow Chart 

REYN SUBPROGRAM 

For t ran  Ins t ruc t ion  L i s t ings  
IBM 7090 Compilation Records 

Flow Chart 

FORMH SUBPROGRAM 

For t ran  Ins t ruc t ion  Lis t ings  
IBM 7090 Compilation Records 

Flow Chart 

TILTH SUBPROGRAM 

For t ran  Ins t ruc t ion  L i s t ings  
IBM 7090 Compilation Records 

Flow Chart 

FUNCTION DETER SUBPROSRAM 

For t  r a n  I n s  t ruc  ti on L i s t ings  
IBM 7090 Compilation Records 

Flow Chart 

I 
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